Abstract. The objective of this paper is to provide a profound insight into important
Introduction
Information and communication technologies (ICTs) are significant enablers for the enhancement of decision-making and the generation of supporting knowledge within an organisation. Companies that are unable to keep up with the pace of the latest ICT developments may lose their competitive advantage and the ability to compete under the same conditions as their competitors, leading to shrinking market share and profitability 1 . Decision support systems used to aid maintenance departments in addressing important tasks in industrial maintenance engineering, i.e. maintenance, such as data acquisition, processing, analysis and interpretation, as well as the extraction of information and 1 Turban, E., Sharda, R., & Denlen, D. Decision support and business intelligence systems (9 th ed.). Upper Saddle River, NJ: Pearson Prentice Hall. 2011. knowledge, have seen drastic changes, which have been attributed to a large extent to advances in ICTs. Artificial intelligence (AI) for industrial decision-making, particularly in relation to maintenance departments, started to appear in the 1980s in the form of expert systems. In the 1990s, a shift occurred from traditional AI to computational intelligence, with fuzzy logic and artificial neural networks as the prime constituents. Comprehensive reviews of artificial intelligence techniques and their application in condition monitoring and maintenance highlighted relevant opportunities and potential benefits (Kalogirou 2 ; Liao 3 ; Warwick et al. 4 ; Wang 5 ). In the late 1990s, a major ICT push came with the extensive use of the internet and associated web-based computing, which also had a significant impact on condition monitoring applications. With the distributed nature of web resources, a parallel trend was the adoption of Distributed Artificial Intelligence (DAI). This was particularly the case with regard to the use of agent technologies, which were soon applied in maintenance and condition monitoring. In addition, other efforts were made with regard to mobile device applications for use in the same areas, as well as in e-maintenance. Reference to some of these developments can be found in Campos and Prakash 6 , and Holmberg et al. 7 Furthermore, industrial efforts have been made with regard to the development of mobile devices for industrial maintenance that are in an experimental phase, such as the IBM Smart Mobility prototype that supports maintenance, repairs and operations (www.qualitydigest.com). The prototype assists in identifying the right machine for a particular task, ensuring that the engineer has the correct task sheet and provide possibilities for calling an expert if needed. There are thus many expected benefits from the use of mobile technologies, such as improved organisational performance. However, the devices involved have not been exploited sufficiently in industrial practice on a daily basis by maintenance departments. It is therefore important to understand the factors that impede the integration of mobile technologies in this field. With regard to this, technology acceptance theories are becoming key in contributing to a better understanding of the state of current practice. Therefore, it is crucial to discern those factors, as mentioned above, because mobile technologies have the potential to help maintenance managers to automate data collection and analysis Holmberg, K., Adgar, A., Arnaiz, A., Jantunen, E., Mascolo, J. and Mekid, S. E-maintenance. Springer. 2010. to support processes and reduce costs 8 . Reviews in the field highlight the significant potential and rapid advances of ICTs for use in condition monitoring and maintenance 9 . In addition, cost-effectiveness analysis is key as a way to identify whether any profit or competitive advantage can be achieved by using ICTs for more automatic maintenance tasks, especially in predictive maintenance 10 . This paper highlights important aspects in terms of mobile integration in industrial maintenance. Academic literature emphasises the importance of technology acceptance models, with regard to understanding the use and will to adopt various information technologies
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. This paper is an extension of previous work by the authors first presented in 2015 12 . There are several studies in different areas that place a significant emphasis on the acceptance models for the understanding of the phenomena that contribute to the barriers, such as those mentioned by Chaveesuk et al. 13 , Venkatesh et al. 14 , Chen et al. 15 , Phan and Daim 16 , Wu and Wang 17 , and Legris et al. 18 . It is therefore important to understand how the factors highlighted, with the help of the above mentioned models, can affect the acceptance of mobile technologies in the domain of interest. In this study, the authors also point out other important aspects connected with this area, such as best 8 Lee, J., Ramji, A, Andrews, K. , Darning, L., Dragan, B. An integrated platform for diagnostics, prognostics and maintenance optimization. Information & Management. 2003, Vol. 40, Issue 3: 191-204. practices and the economic importance of using mobile technologies, as well as their current integration into the industry. The paper examines technology acceptance models and best practices for asset management in Section 2. Section 3 discusses the economic benefits of using mobile technologies in maintenance. Section 4 highlights the industrial integration of these technologies, and Section 5 comprises a discussion and the main conclusions of the study.
1. Technology acceptance models and best practices for asset management . Another approach has been to link technology acceptance to the success of ICTs implementation at the organisational level. These theoretical developments with regard to possible motives and barriers on the way to accepting and adopting technologies are manifold and have resulted in several acceptance models. Hence, the unified theory of acceptance and use of technology (UTAUT) is the result of the combination of several models of IT adoption, with the aim of better representing the reality of IT acceptance by addressing the limitations of earlier models (Venkatesh 25 ; Straub 26 ). The UTAUT summarises developments in acceptance models (Chan et al. 27 ), with many examples in the research community about different efforts to develop the UTAUT model. In conclusion, the UTAUT is a result of research associated with several models of IT adoption, with the aim of better representing the reality of IT acceptance by addressing the limitations of earlier models 28 . The UTAUT incorporates four concepts that affect behavioural intent and usage behaviour in the area of ICTs: performance expectancy, effort expectancy, social influence, and facilitating conditions. Performance expectancy is the assessment of user expectation with regard to something that will help the user enhance their performance in executing various work tasks; effort expectancy is the expected ease of use of ICTs social influence is concerned with the assessment of social aspects affecting the extent to which a user is likely to use a specific information system; and facilitating conditions refer to the degree to which a user believes an organisation and its technical infrastructure support use of the system. Other factors such as age, gender, experience and willingness of use are believed to have less importance at the acceptance level of ICTs. The concern with the UTAUT model is that it does not include attitude and self-efficacy as direct determinants of behavioural intention, factors that technology acceptance research has indicated as being key 29 . The UTAUT model has been extensively used in different studies of technology adoption and diffusion as a framework for researchers to perform empirical studies of behaviour and user intention 30 . Theories of acceptance and the article by Venkatesh et al. 31 have been extensively studied with reference to concepts that affect behavioural intent and usage behaviour in different user groups. Nevertheless, little effort has been made to examine such issues related to maintenance departments and e-maintenance adoption at companies. A recent report that highlights the acceptance of technologies in organisations and is among the first attempts to link prominent technology adoption models to e-maintenance technology is that by Aboelmaged et al. 32 The author predicts the dimensions of a technology readiness index (TRI) that uses the determinants of the technology-organisation-environment (TOE) framework. The author uses prominent frameworks in innovation adoption to highlight advances in e-maintenance adoption, i.e. the TOE framework and TRI. The work proposes a research model, which is later validated, that uses eight TOE factors: technology infrastructure, technology competence, perceived e-maintenance benefits, perceived e-maintenance challenges, company maintenance priority, company size, ownership type, and competitive pressureon four TRI factors, namely optimism, innovativeness, discomfort and insecurity. Moreover, the author says that the framework for e-maintenance should be integrated around three unified pillars. The objective of the first pillar is to improve staff awareness, knowledge and skills with regard to planned ICTs through measures such as training. The second pillar is associated with the implementation and use of e-maintenance ICTs such as wireless and networked sensors as part of a condition-based maintenance (CBM) strategy. The last pillar concerns the organisational and technical aspects that a manager must deal with to successfully implement ICTs. It is crucial to consider all the factors mentioned above for the acceptance and successful implementation of e-maintenance and the relevant ICTs in a maintenance department. Aside from studies on technology acceptance theories, others have focused more on the specific domain of maintenance and asset management. The European Federation of National Maintenance Societies (EFNMS), through its European Asset Management Committee (EAMC), carried out a survey of EU industry on best practices in asset management titled "How organizations manage their physical assets in practice" (EFNMS/ EAMC, www.hms-gr.eu/t). This provides a useful assesment of how organisations manage data related to their assets and it was of particular interest to note that although maintenance-related events were typically recorded in systems such as computerised maintenance management systems (CMMS), the systems were not optimised enough, leaving much room for improvement with regard to the use of ICT enablers. According to the EFNMS report, part of the problem with the data is related to the fact that highquality or actionable data may not, in most cases, be available at the right time and in the right place to people authorised to access it.
This highlights the need for greater penetration and adoption of ICT, especially mobile ICT solutions. A key area for improvement in asset management to which mobile ICTs can contribute is the enabling of true mobile collaboration 33 . Specifically, it can help to remove time and space constraints, as well as enable mobile maintenance staff to take advantage of portability, accessibility, reachability, identification and localisation features when interacting with maintenance-oriented information systems and the relevant physical environment in the workplace. It should be taken into account that the main factors that impede successful CMMS implementation in industry are selection errors, insufficient commitment, poor training, limited addressing of key organisational issues and underestimation of difficulties, along with consequent limited allocation of resources and lack of a demonstrable use of these systems.
Consulting experts in the field, the study considered technological, organisational and human capital issues relevant to mobile ICT adoption and prospects in this 33 Emmanouilidis, C., Liyanage, J.P. . The study suggested that the adoption effort should be aided by the alignment of relevant business processes in the three broad organisational layers (strategic, tactical and operational) of a company's activities and should prioritise implementation, targeting the most critical processes or assets to demonstrate impact. Leaving the broader picture to focus on individual projects and specific aspects of implementation and technology adoption, the results may follow not only the general pattern, but can also provide additional and more focused insight on specific technological solutions. For example, the adoption of e-training solutions in the area of maintenance and asset management depends on aspects of introduced technological elements and functional features, as well as content type and quality
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. Relevant technological innovation brings greater flexibility, efficiency, mobility and ease of use to specific functional design features, such as navigation patterns while using the graphical user interfaces (GUI), short paths to relevant knowledge, GUI design patterns and content-related features that facilitate adoption by users. In addition, with regard to the adoption of e-maintenance solutions, one should appreciate efforts made in the industry to reduce the fragmentation of information and services through appropriate integration mechanisms that remain technically transparent and not-noticeable by users and, at the same time, increase the seamless experience of service usage and information delivery to maintenance personnel (welcom-project.ceti.gr) 36 .
The economic benefits of using mobile technologies in maintenance
When addressing the use of mobile technologies for maintenance, both business process analysis and an assessment of impacts need to be conducted. Financial benefits potentially offered by e-maintenance technologies should be carefully examined, relying on the principles of cost-benefit analysis (CBA). CBA is a well-established methodology that is based on the evaluation of a project's possible costs and benefits (see Prest and Turvey 37 ). It is generally carried out in this area by paying specific attention to the fact that the introduction of new technologies results in costs and benefits. A methodology previously developed to assess the use of new technologies in logistics is one of the main and possible areas to exploit. Examples of this methodology are provided by Miragliotta et al. 38 the methodology consists of three steps: the first of these is the analysis of the chosen processes, i.e. AS-IS processes in line with the activity-based costing (ABC) method to identify cost drivers for each activity; the second step is the development of a technical solution for the process concerned; and the final step is an assessment of the impacts of the solution and the evaluation of costs and benefits carried out through a comparison between AS-IS and TO-BE scenarios, i.e. the future state of the processes. When assessing impacts, a classification of typical costs and benefits can be kept in mind. In particular, these can be divided into tangible and intangible cost and benefits 39 , as summarised in Figure 1 . A formal and clear understanding of the relationship between activities and mobile technologies is a key aspect to be considered during the assessment. With the aid of a case study analysis, Fumagalli et al. 40 demonstrated that significant benefits can be obtained with a small-scale investment, with a payback time (in 2010) of well under three years in all cases. Interestingly, 2010 can still be considered a time when mobile devices was not so widespread. As an example, the Apple iPad was only launched in January that year and can be considered as leading to the increased use of tablets. Moreover, the mass diffusion of this kind of portable device started in 2010. Of course, such mobile devices are not comparable with industrial ones, but the diffusion of the tablet as a mass-market product has contributed to cost reductions in devices as a whole, allowing one to foresee that payback time could be within one year and at least take no longer than two years. This depends on the type of business and the way the company is organised. Fumagalli et al. 41 showed that large companies offering a wide range of maintenance services to many different types of customer and carrying out their activities in a formal and proceduredriven way can benefit from newly introduced mobile technologies by improving process efficiency. On the other hand, original equipment manufacturers (OEMs) with less developed maintenance divisions can benefit from efficiency, but this hardly compensates for the cost of introducing a mobile solution into the service. It is always beneficial to consider developing an effective business model for a mobile-based maintenance service first, and trying to avoid pushing it in terms of technological advantages.
In addition, Gilabert et al. 42 have outlined how simulation tools can help to identify a new predictive maintenance approach through use of ICTs in the cost-benefit stage of the product life cycle or aid plant productivity. The reliability information on which this maintenance strategies simulation relies is the probability density distribution of failure for the system or component. Such a function determines the possibility of a failure occurring at a given time.Further, the Weibull distribution is as well frequently employed because it is applicable to different phases in the life cycle of a component or system. This type of distribution is flexible enough to model a variety of failure occurrences, whether they are decreasing, increasing or constant, allowing it to describe any phase of a component's life. Given this function, it is possible to apply the Monte Carlo method to carry out random sampling and thus obtain possible times at which failures occur. One way to do this is this is using the inverse of the cumulative Weibull distribution function, by means of carrying out random sampling to obtain estimates of time until a failure. As the process is repeated, the series of values obtained will produce a more faithful description of the Weibull distribution. With this methodology, it is possible to estimate the expected time of failure occurrence, and thus to anticipate the type and number of actions to perform in line with a particular maintenance strategy and the cost. This process can be repeated according to the Monte Carlo analysis method to offer a realistic description, and time and costs are accumulated. The cost per unit of time is used to compare the results obtained using different maintenance strategies. Figure 2 shows an example of the impact of different strategies on maintenance of a mechatronic component within a system, taking into account a global key performance indicator (KPI), i.e. cost, segmented at different cost categories (namely, cost of repairs and loss of revenues when the component fails; cost of preventive activities; and cost of monitoring activities, whether remote or on-site).
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Ibid. 42 Gilabert, E., Fernandez, S., Arnaiz, A., Konde, E. This improvement analysis ends with an estimation of the potential impact of the different strategies (corrective, time-based and inspection) measured in euros, comparing the maximum cost of the selected technologies and alternative strategies, and considering several known or estimated variables, such as frequency of inspections, reliability, and cost of failures, inspections and preventive actions.
Industrial integration of mobile technologies
To provide empirical evidence on the diffusion of ICTs as well as mobile solutions for maintenancea a permanent unit was created in December 2010 as part of the Observatories of the School of Management of Politecnico di Milano, i.e. the observatory on technologies and services for maintenance (TeSeM), (www.tesem.net). This established a collaborative platform for a network of several Italian universities to monitor state-of-the-art maintenance choices in the field of industrial plants. TeSeM observes small, medium-sized and large companies in Italy, where it should also be noted that many multinational European and worldwide companies are located. TeSeM has collected information about the use of personal digital assistants (PDAs) and thus mobile solutions, with information coming from 277 companies interviewed between 2011 and 2015. The survey shows that 10% of the companies adopt such solutions for purposes of industrial maintenance. In the more recent years of this period, between 2013 and 2015, more detailed analysis was performed for specific sectors. Further results reveal, for instance, that in the food and beverages sector, 21% of companies had adopted mobile solutions, compared with 5% in the metalworking sector. Moreover, looking at small and medium-sized enterprises (SMEs) compared with large ones, the following statistics have been calculated in line with the results of an interview conducted with the aforementioned companies: at SMEs, 6% of companies had adopted mobile solutions, compared with 13% at large enterprises. Finally, expectations with regard to the use of mobile devices have been investigated. The results of the survey are based on the number of companies that use mobile solutions -namely 10% of them -and show that in some cases companies use these solutions for more than one purpose. For instance, 18% of the companies that adopt mobile solutions use them to manage work orders, 2% to manage safety procedures for maintenance activities, 20% to support inspections, 18% for condition monitoring, 29% to support warehouse management for spare parts, and 13% to consult technical documents and drawings.
Discussion and conclusions
It is important to understand best practices for ICTs adoption and the different factors that contribute to this, in order to facilitate acceptance in maintenance departmentsparticularly with regard to mobile technologies. Technology adoption theories can be used to understand a company's maturity stage and serve as a framework for developing strategies for ICTs acceptance. This can help to understand where to place an emphasis to stimulate acceptance and organisational willingness to invest in ICT innovation, resulting in a more widespread integration of mobile technologies into the maintenance department. A recent survey of employees in various industries was carried out to help understand the benefits of using mobile devices, looking at important aspects such as work performance 43 . The study showed that work performance improved with the support of mobile technology. This emphasises the importance of understanding factors that can facilitate the integration of mobile technology in the industrial sector, particularly with regard to industrial maintenance.
Maintenance strategies such as CBM and predictive maintenance can benefit from mobile technologies, which can become valuable for all types, sizes and complexity of machinery. In addition, there is a growing demand for the efficiency, availability and safety of systems, along with product quality and customer satisfaction. Moreover, taking into account the trend towards a decrease in profit margins, the importance of implementing effective maintenance strategies becomes unquestionable. In this setting, the maintenance function plays a critical part in a company's ability to compete on the basis of cost, quality and delivery performance. It is therefore important to understand the reasons why mobile devices are not yet fully integrated into maintenance departments, given that they provide many expected benefits and can result in improved organisational performance.
Current research emphasises the need to understand the context when considering technical aspects, so mobile technologies that are adopted will be accepted by users in the specific context. Sein et al. 44 highlight a need to recognise that the value contributed by information systems (IS) and ICTs emerges from interaction in an organisational 43 Yueh, H. . Furthermore, this study shows the importance of the business context, indicating that a clear alignment with the underlying business processes is needed to successfully integrate ICTs. Authors such as Peppard and Ward 46 highlight the importance of alignment between the ICTs with business strategies, while taking into consideration the resources of the organization, such as the knowledge of the employees (business and technical skills, knowledge and experience) and their behaviour and attitudes. Also, it is well known that one way of reducing the cost of production is to cut the cost of operations, including maintenance. In some industries, this is the second-highest or even highest element in operating costs. Swanson 47 highlights that to achieve worldclass performance, companies have started to undertake more efforts to improve quality and productivity, and reduce costs. This has led to an examination of the activities of the maintenance function, with the recognition that effective maintenance is crucial for many operations because it extends the life of equipment, improves availability and keeps equipment in a good condition. Mobile devices are thus crucial in the field of maintenance for leveraging the dynamic nature of operations and maintenance workers, with the ability to provide the right information and access to services to the right user in the right format -leading to an increased personnel and ultimately organisational performance. Moreover, if an enterprise handles maintenance effectively, it will benefit directly from improved availability and dependability, leading to production and revenue advantages.
The importance of mobile ICT adoption in maintenance is highlighted by the fact that e-maintenance has triggered a radical change in practices in the field. Having the correct information at hand can provide operational and financial benefits to most organisations. Advances in wireless technologies and the availability of low-cost and easy-to-use mobile devices allow this to become a reality through portable, available and affordable systems, enabling organisations to exploit a vast amount of potential from a financial point of view.
In conclusion, ICT-enabled innovation provides enormous opportunities. The most important functional benefit is the availability of relevant and reliable information and services where they are needed. The creation of effective strategies using methods such as CBM relies on this type of availability, because it enables the planning of maintenance actions based on evidence of need rather than merely on the basis of predetermined schedules. Furthermore, it is easy to understand how much support a maintenance engineer needs from an information system for carrying out practical maintenance tasks. In all available economic studies, the introduction of e-maintenance has proved to be justified. Naturally, the more complicated the industrial environment, the greater the economic benefits and the shorter the payback time for investments. Therefore, the comparative advantages of implementing e-maintenance are greater if the industrial environment is more complicated, i.e. expensive and complex equipment where there is a need to implement maintenance strategies such as conditon based maintenance (CBM) with all what it concerns. 
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